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• Hydrogen atom-like spectrum
• Cloud size ~
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• Hydrogen atom-like spectrum
• Cloud size ~
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More signatures with couplings to the SM particles …
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[East et al., arXiv:2507.20979] [Caputo et al., arXiv:2507.21788]
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<latexit sha1_base64="aTt1rYkYSrDE2lrQZWP38V7IJms=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkUQxJBUad0IRTduChXsA9oYJpNJO3SSCTMToYTs3Pgrblwo4tZfcOffOG2z0OqBC4dz7uXee7yYEiEt60srLCwuLa8UV0tr6xubW/r2TluwhCPcQowy3vWgwJREuCWJpLgbcwxDj+KON7qa+J17zAVh0a0cx9gJ4SAiAUFQKsnV9xuufWGf1tz0xDLtWnaXHltmpZI13D7zmXT1smVaUxh/iZ2TMsjRdPXPvs9QEuJIIgqF6NlWLJ0UckkQxVmpnwgcQzSCA9xTNIIhFk46/SMzDpXiGwHjqiJpTNWfEykMhRiHnuoMoRyKeW8i/uf1EhmcOymJ4kTiCM0WBQk1JDMmoRg+4RhJOlYEIk7UrQYaQg6RVNGVVAj2/Mt/Sbti2lWzenNWrl/mcRTBHjgAR8AGNVAH16AJWgCBB/AEXsCr9qg9a2/a+6y1oOUzu+AXtI9v+q2W4g==</latexit>

M1 = 137+0.22
�0.17M�

<latexit sha1_base64="Gi7iunYsEygLOOyShJmXOR+dY4I=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCGCZVqxuh6MZNoYJ9QBvDZDpth04yYWYilJCdG3/FjQtF3PoL7vwbp20W2nrgwuGce7n3Hj9iVCoIv425+YXFpeXcSn51bX1j09zarkseC0xqmDMumj6ShNGQ1BRVjDQjQVDgM9LwB9cjv/FAhKQ8vFPDiLgB6oW0SzFSWvLMvYpXvHTgiZccQ/usmN4nR9AuwrTitXmHK88sQBuOYc0SJyMFkKHqmV/tDsdxQEKFGZKy5cBIuQkSimJG0nw7liRCeIB6pKVpiAIi3WT8R2odaKVjdbnQFSprrP6eSFAg5TDwdWeAVF9OeyPxP68Vq+6Fm9AwihUJ8WRRN2aW4tYoFKtDBcGKDTVBWFB9q4X7SCCsdHR5HYIz/fIsqRdtp2SXbk8L5assjhzYBfvgEDjgHJTBDaiCGsDgETyDV/BmPBkvxrvxMWmdM7KZHfAHxucP7GSW2Q==</latexit>

M2 = 103+0.20
�0.52M�

GW231123

<latexit sha1_base64="I2Rg0/Qg0MflkmN/AZpO9Os0gkA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBEEOiUu1CKLpxWcE+oI1hMp20QyeTMDMRSgi48VfcuFDErT/hzr9x2mah1QOXezjnXmbu8WNGpbLtL6MwN7+wuFRcLq2srq1vmJtbTRklApMGjlgk2j6ShFFOGooqRtqxICj0GWn5w6ux37onQtKI36pRTNwQ9TkNKEZKS56508UD6jkXtlX10iPbOrGzu/TQtuxq5pll3SeAf4mTkzLIUffMz24vwklIuMIMSdlx7Fi5KRKKYkayUjeRJEZ4iPqkoylHIZFuOrkhg/ta6cEgErq4ghP150aKQilHoa8nQ6QGctYbi/95nUQF525KeZwowvH0oSBhUEVwHAjsUUGwYiNNEBZU/xXiARIIKx1bSYfgzJ78lzSPLadiVW5Oy7XLPI4i2AV74AA44AzUwDWogwbA4AE8gRfwajwaz8ab8T4dLRj5zjb4BePjGwtdlTs=</latexit>

�1 = 0.9+0.09
�0.30

<latexit sha1_base64="GHTnyiJZ8XLaPny0LKwedzwHVvs=">AAACA3icbVDLSgMxFM3UV62vUXe6CRZBEIdMrbUboejGZQX7gHYcMmnahmYeJBmhDANu/BU3LhRx60+4829M21lo9cCFwzn3cu89XsSZVAh9GbmFxaXllfxqYW19Y3PL3N5pyjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3upr4rXsqJAuDWzWOqOPjQcD6jGClJdfc65Ihc0sXyKq6yQmyzsrpXXKMrNNy6ppFZKEp4F9iZ6QIMtRd87PbC0ns00ARjqXs2ChSToKFYoTTtNCNJY0wGeEB7WgaYJ9KJ5n+kMJDrfRgPxS6AgWn6s+JBPtSjn1Pd/pYDeW8NxH/8zqx6ledhAVRrGhAZov6MYcqhJNAYI8JShQfa4KJYPpWSIZYYKJ0bAUdgj3/8l/SLFl2xarclIu1yyyOPNgHB+AI2OAc1MA1qIMGIOABPIEX8Go8Gs/Gm/E+a80Z2cwu+AXj4xsRqpU/</latexit>

�2 = 0.8+0.34
�0.54

<latexit sha1_base64="M6DY122GZ/epups1ly0RouJoIJI=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiCGJJWql0IRTduChXsA9oYJpNpO3SSCTMToYTs3Pgrblwo4tZfcOffOG2z0NYD93I4515m7vEiSoS0rG9tYXFpeWU1t5Zf39jc2tZ3dpuCxRzhBmKU8bYHBaYkxA1JJMXtiGMYeBS3vOH12G89YC4IC+/kKMJOAPsh6REEpZJc/aDm2pelill0k1PV0/vkxC6ZlbTmdpnPpKsXLNOawJgndkYKIEPd1b+6PkNxgEOJKBSiY1uRdBLIJUEUp/luLHAE0RD2cUfREAZYOMnkjtQ4Uopv9BhXFUpjov7eSGAgxCjw1GQA5UDMemPxP68Ty96Fk5AwiiUO0fShXkwNyYxxKIZPOEaSjhSBiBP1VwMNIIdIqujyKgR79uR50iyadtks354VqldZHDmwDw7BMbDBOaiCG1AHDYDAI3gGr+BNe9JetHftYzq6oGU7e+APtM8fDqyW7w==</latexit>

M1 = 39.2+13.9
�9.2 M�

<latexit sha1_base64="aAp3AZVfEL8HEbxqfpWRk7J66RU=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkUQxJCU0upCKLpxU6hgH9DGMJlM26GTTJiZCCVk5cZfceNCEbd+gzv/xmmbhbYeuHA4517uvceLKBHSsr613NLyyupafr2wsbm1vaPv7rUEiznCTcQo4x0PCkxJiJuSSIo7Eccw8Chue6Prid9+wFwQFt7JcYSdAA5C0icISiW5+mHdLV2WyqblJmdV8yK9T06rZjmtuz3mM+nqRcu0pjAWiZ2RIsjQcPWvns9QHOBQIgqF6NpWJJ0EckkQxWmhFwscQTSCA9xVNIQBFk4yfSM1jpXiG33GVYXSmKq/JxIYCDEOPNUZQDkU895E/M/rxrJ/7iQkjGKJQzRb1I+pIZkxycTwCcdI0rEiEHGibjXQEHKIpEquoEKw519eJK2SaVfMym25WLvK4siDA3AEToANqqAGbkADNAECj+AZvII37Ul70d61j1lrTstm9sEfaJ8/kxyWsQ==</latexit>

M2 = 24.0+7.4
�7.9M�

GW190517



Constraints - GWs
• Directed searches on target sources [LVK, arXiv:2509.07352]
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• All sky searches
[LVK, PRD (2022)]
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SR with Two Interacting Fields

<latexit sha1_base64="zc/XNUQMC/W/ATma9Mg9WLbocMo="></latexit>

L = �1

2
gab@a @b � 1

2
µ2 2 � 1

2
gab@a'@b'� 1

2
⌫2'2 + Lint

Model

<latexit sha1_base64="9St/I8BaaZ6rgZDQ9WpmKofuWIo="></latexit>

Lint = � 2 '+ �0 '2



SR with Two Interacting Fields
Model

<latexit sha1_base64="zc/XNUQMC/W/ATma9Mg9WLbocMo="></latexit>

L = �1

2
gab@a @b � 1

2
µ2 2 � 1

2
gab@a'@b'� 1

2
⌫2'2 + Lint

<latexit sha1_base64="9St/I8BaaZ6rgZDQ9WpmKofuWIo="></latexit>

Lint = � 2 '+ �0 '2



SR with Two Interacting Fields
Model

<latexit sha1_base64="zc/XNUQMC/W/ATma9Mg9WLbocMo="></latexit>

L = �1

2
gab@a @b � 1

2
µ2 2 � 1

2
gab@a'@b'� 1

2
⌫2'2 + Lint

<latexit sha1_base64="9St/I8BaaZ6rgZDQ9WpmKofuWIo="></latexit>

Lint = � 2 '+ �0 '2

• Corrections on            via the perturbative approach<latexit sha1_base64="Is4elGCqsOeoFIk6S71+ZgsvBrs=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4EJKUqS6LLrRXQX7gCaEyXTSDp3JhJmJUEI2/oobF4q49TPc+TdO2yy09cCFwzn3cu89YcKo0o7zbZVWVtfWN8qbla3tnd09e/+go0QqMWljwYTshUgRRmPS1lQz0kskQTxkpBuOb6Z+95FIRUX8oCcJ8TkaxjSiGGkjBfZR5kkO73gOvXNPcDJEQVZ33Tywq07NmQEuE7cgVVCgFdhf3kDglJNYY4aU6rtOov0MSU0xI3nFSxVJEB6jIekbGiNOlJ/NHsjhqVEGMBLSVKzhTP09kSGu1ISHppMjPVKL3lT8z+unOrryMxonqSYxni+KUga1gNM04IBKgjWbGIKwpOZWiEdIIqxNZhUTgrv48jLp1Gtuo9a4v6g2r4s4yuAYnIAz4IJL0AS3oAXaAIMcPINX8GY9WS/Wu/Uxby1Zxcwh+APr8wdWlZWd</latexit>

Im!211

<latexit sha1_base64="yR7pnGzP+TA/J2MR8xXMtAJSnco="></latexit>�
⇤� µ2

�
 = �2� '

<latexit sha1_base64="iugLn3DzgjssUwOBiYWtSNCEfuI="></latexit>�
⇤� ⌫2

�
' = �� 2

<latexit sha1_base64="NxuVWRvi2SNejNLkxvUyGBDU4C4=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSLUTUlEqsuiG3dWsA9oYplMJu3QyYOZiRBC/RU3LhRx64e482+ctllo64GBwzn3cO8cL+FMKsv6NlZW19Y3Nktb5e2d3b198+CwI+NUENomMY9Fz8OSchbRtmKK014iKA49Trve+Hrqdx+pkCyO7lWWUDfEw4gFjGClpYFZyR2CObqd1ByuUz5+sE4HZtWqWzOgZWIXpAoFWgPzy/FjkoY0UoRjKfu2lSg3x0Ixwumk7KSSJpiM8ZD2NY1wSKWbz46foBOt+CiIhX6RQjP1dyLHoZRZ6OnJEKuRXPSm4n9eP1XBpZuzKEkVjch8UZBypGI0bQL5TFCieKYJJoLpWxEZYYGJ0n2VdQn24peXSeesbjfqjbvzavOqqKMER3AMNbDhAppwAy1oA4EMnuEV3own48V4Nz7moytGkanAHxifP3T7lAM=</latexit>

O(�0)
<latexit sha1_base64="puVhgstIoMAS+4umgzUGEkw8JWs=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN4NFcFWSItWNUHTjsoK9QBPCZDpph04uzEyEEgK+ihsXirj1Odz5Nk7aLLT1h4GP/5zDOfP7CWdSWda3sbK6tr6xWdmqbu/s7u2bB4ddGaeC0A6JeSz6PpaUs4h2FFOc9hNBcehz2vMnt0W990iFZHH0oKYJdUM8iljACFba8sxjJ5Hs2vGxyArKvaxh27ln1qy6NRNaBruEGpRqe+aXM4xJGtJIEY6lHNhWotwMC8UIp3nVSSVNMJngER1ojHBIpZvNzs/RmXaGKIiFfpFCM/f3RIZDKaehrztDrMZysVaY/9UGqQqu3IxFSapoROaLgpQjFaMiCzRkghLFpxowEUzfisgYC0yUTqyqQ7AXv7wM3Ubdbtab9xe11k0ZRwVO4BTOwYZLaMEdtKEDBDJ4hld4M56MF+Pd+Ji3rhjlzBH8kfH5AwSklYk=</latexit>

 =  ̄211

<latexit sha1_base64="OplN/aD8u0DTgI+ue5HI3AHZT68=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4IQC8NukGgjhNhYRjAPyK5hdjKbDJl9MHNXDEt6G3/FxkIRW3/Azr9x8ig08cCFwzn3cu89Xiy4Asv6NjIrq2vrG9nN3Nb2zu6euX/QVFEiKWvQSESy7RHFBA9ZAzgI1o4lI4EnWMsbXk381j2TikfhLYxi5gakH3KfUwJa6pp5RzAfik4tesCn2AmSu7IjeX8AJ9iJFceX2OqaBatkTYGXiT0nBTRHvWt+Ob2IJgELgQqiVMe2YnBTIoFTwcY5J1EsJnRI+qyjaUgCptx0+ssYH2ulh/1I6goBT9XfEykJlBoFnu4MCAzUojcR//M6CfgXbsrDOAEW0tkiPxEYIjwJBve4ZBTESBNCJde3YjogklDQ8eV0CPbiy8ukWS7ZlVLl5qxQrc3jyKIjlEdFZKNzVEXXqI4aiKJH9Ixe0ZvxZLwY78bHrDVjzGcO0R8Ynz/qXZkR</latexit>�
⇤� µ2

�
 = 0

<latexit sha1_base64="uOrtgrL6Bu/QiTnbNaBMH/zlt2s=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSLUTUlEqsuiG3dWsA9oYplMJu3QyYOZiRBC/RU3LhRx64e482+ctllo64GBwzn3cO8cL+FMKsv6NlZW19Y3Nktb5e2d3b198+CwI+NUENomMY9Fz8OSchbRtmKK014iKA49Trve+Hrqdx+pkCyO7lWWUDfEw4gFjGClpYFZyR2CObqd1ByuUz5+sE8HZtWqWzOgZWIXpAoFWgPzy/FjkoY0UoRjKfu2lSg3x0Ixwumk7KSSJpiM8ZD2NY1wSKWbz46foBOt+CiIhX6RQjP1dyLHoZRZ6OnJEKuRXPSm4n9eP1XBpZuzKEkVjch8UZBypGI0bQL5TFCieKYJJoLpWxEZYYGJ0n2VdQn24peXSeesbjfqjbvzavOqqKMER3AMNbDhAppwAy1oA4EMnuEV3own48V4Nz7moytGkanAHxifP3aAlAQ=</latexit>

O(�1)
<latexit sha1_base64="2CuUbYZkzs5kaXCtV6TwGVRB/tc="></latexit>�
⇤� µ2

�
 = �2� ̄211'

<latexit sha1_base64="HPySV6Zu/rERDiBOB4ZXqq233ww="></latexit>�
⇤� ⌫2

�
' = �� ̄211 

<latexit sha1_base64="vqMRL/Bgc++QN64o7zg5Ad4eOEQ="></latexit>Z
d3r  ̄⇤

n`m⇥

<latexit sha1_base64="3V2oMa3ysrteVbeUIuoq0VU2u0s="></latexit>Z
d3r'⇤

n`m⇥

<latexit sha1_base64="dkaSt/O7ZNTbIkbLlCiJylpW4ag=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRFqsuiG5cV7AOaECaTm3bo5MHMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89fsqZVJb1bVQ2Nre2d6q7tb39g8Mj8/ikL5NMUOjRhCdi6BMJnMXQU0xxGKYCSORzGPjT27k/eAQhWRI/qDwFNyLjmIWMEqUlz6w7AXBFsJNEMCZe0bLtmWc2rKa1AF4ndkkaqETXM7+cIKFZBLGinEg5sq1UuQURilEOs5qTSUgJnZIxjDSNSQTSLRbHz/C5VgIcJkJXrPBC/T1RkEjKPPJ1Z0TURK56c/E/b5Sp8NotWJxmCmK6XBRmHKsEz5PAARNAFc81IVQwfSumEyIIVTqvmg7BXn15nfRbTbvdbN9fNjo3ZRxVdIrO0AWy0RXqoDvURT1EUY6e0St6M56MF+Pd+Fi2Voxypo7+wPj8AeJElEo=</latexit>

�!211



• Interaction with exited states
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<latexit sha1_base64="VFBRWF0f73EDy798B+r3NdyTB6U=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xkUcCG9I7DDBhdnadmSUhG77DiweN8erHePNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJoqxBIxGpdoCaCS5Zw3AjWDtWDMNAsFYwvpv7rQlTmkfy0Uxj5oc4lHzAKRor+d0JqnjEe+m4Upn1iiW37C5A1omXkRJkqPeKX91+RJOQSUMFat3x3Nj4KSrDqWCzQjfRLEY6xiHrWCoxZNpPF0fPyIVV+mQQKVvSkIX6eyLFUOtpGNjOEM1Ir3pz8T+vk5jBjZ9yGSeGSbpcNEgEMRGZJ0D6XDFqxNQSpIrbWwkdoUJqbE4FG4K3+vI6aVbKXrVcfbgq1W6zOPJwBudwCR5cQw3uoQ4NoPAEz/AKb87EeXHenY9la87JZk7hD5zPH7VwkhM=</latexit>'k22

<latexit sha1_base64="MENzQoVNsVp/nRClHRAJ0U6N0kA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkmR6rHoxWMF+wFNCJvtpl262YTdTaGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3M/93pRKxRLxpGcp9WM8EixiBGsjBbbthVjmXqpYEeQN1y0Cu+bUnQXQOnFLUoMS7cD+8oYJyWIqNOFYqYHrpNrPsdSMcFpUvUzRFJMJHtGBoQLHVPn54vICXRpliKJEmhIaLdTfEzmOlZrFoemMsR6rVW8u/ucNMh3d+jkTaaapIMtFUcaRTtA8BjRkkhLNZ4ZgIpm5FZExlphoE1bVhOCuvrxOuo2626w3H69rrbsyjgqcwwVcgQs30IIHaEMHCEzhGV7hzcqtF+vd+li2bljlzBn8gfX5A0k8k3I=</latexit>

 ̄211

<latexit sha1_base64="MENzQoVNsVp/nRClHRAJ0U6N0kA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkmR6rHoxWMF+wFNCJvtpl262YTdTaGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3M/93pRKxRLxpGcp9WM8EixiBGsjBbbthVjmXqpYEeQN1y0Cu+bUnQXQOnFLUoMS7cD+8oYJyWIqNOFYqYHrpNrPsdSMcFpUvUzRFJMJHtGBoQLHVPn54vICXRpliKJEmhIaLdTfEzmOlZrFoemMsR6rVW8u/ucNMh3d+jkTaaapIMtFUcaRTtA8BjRkkhLNZ4ZgIpm5FZExlphoE1bVhOCuvrxOuo2626w3H69rrbsyjgqcwwVcgQs30IIHaEMHCEzhGV7hzcqtF+vd+li2bljlzBn8gfX5A0k8k3I=</latexit>

 ̄211

<latexit sha1_base64="R646m6HlUm8xJ3RScLeeqV0p4Ek="></latexit>

Im�!sE
211 ' ��̄2N0
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I k 0E

<latexit sha1_base64="DEW/m7fjqufQ3OlxYcqM4cHUqEE=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiQi1WXRhW6ECvYBTSiT6aQdOjOJ8yiUUPBX3LhQxK3f4c6/cdpmoa0HLhzOuZd774lSRpX2vG9naXlldW29sFHc3Nre2XX39hsqMRKTOk5YIlsRUoRRQeqaakZaqSSIR4w0o8H1xG8OiVQ0EQ96lJKQo56gMcVIW6njHgaIpX0EA/Jo6BDewDsYcNNxS17ZmwIuEj8nJZCj1nG/gm6CDSdCY4aUavteqsMMSU0xI+NiYBRJER6gHmlbKhAnKsym54/hiVW6ME6kLaHhVP09kSGu1IhHtpMj3Vfz3kT8z2sbHV+GGRWp0UTg2aLYMKgTOMkCdqkkWLORJQhLam+FuI8kwtomVrQh+PMvL5LGWdmvlCv356XqVR5HARyBY3AKfHABquAW1EAdYJCBZ/AK3pwn58V5dz5mrUtOPnMA/sD5/AHP05TC</latexit>

↵ ⌘ GMµ

<latexit sha1_base64="nQDOEezcWD/63se2VdzNJ0P7zD8=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKe6KRC9C0IvHCOaB2SXMTmaTIbOz6zyEsOQvvHhQxKt/482/cZLsQaMFDUVVN91dYcqZ0q775RSWlldW14rrpY3Nre2d8u5eSyVGEtokCU9kJ8SKciZoUzPNaSeVFMchp+1wdD31249UKpaIOz1OaRDjgWARI1hb6f7h0hcGnfix6ZUrbtWdAf0lXk4qkKPRK3/6/YSYmApNOFaq67mpDjIsNSOcTkq+UTTFZIQHtGupwDFVQTa7eIKOrNJHUSJtCY1m6s+JDMdKjePQdsZYD9WiNxX/87pGRxdBxkRqNBVkvigyHOkETd9HfSYp0XxsCSaS2VsRGWKJibYhlWwI3uLLf0nrtOrVqrXbs0r9Ko+jCAdwCMfgwTnU4QYa0AQCAp7gBV4d5Tw7b877vLXg5DP78AvOxzfU7ZBj</latexit> q
=

⌫
/µ

SR with Two Interacting Fields



• Interaction with bound states
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<latexit sha1_base64="MENzQoVNsVp/nRClHRAJ0U6N0kA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkmR6rHoxWMF+wFNCJvtpl262YTdTaGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3M/93pRKxRLxpGcp9WM8EixiBGsjBbbthVjmXqpYEeQN1y0Cu+bUnQXQOnFLUoMS7cD+8oYJyWIqNOFYqYHrpNrPsdSMcFpUvUzRFJMJHtGBoQLHVPn54vICXRpliKJEmhIaLdTfEzmOlZrFoemMsR6rVW8u/ucNMh3d+jkTaaapIMtFUcaRTtA8BjRkkhLNZ4ZgIpm5FZExlphoE1bVhOCuvrxOuo2626w3H69rrbsyjgqcwwVcgQs30IIHaEMHCEzhGV7hzcqtF+vd+li2bljlzBn8gfX5A0k8k3I=</latexit>

 ̄211

<latexit sha1_base64="MENzQoVNsVp/nRClHRAJ0U6N0kA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkmR6rHoxWMF+wFNCJvtpl262YTdTaGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3M/93pRKxRLxpGcp9WM8EixiBGsjBbbthVjmXqpYEeQN1y0Cu+bUnQXQOnFLUoMS7cD+8oYJyWIqNOFYqYHrpNrPsdSMcFpUvUzRFJMJHtGBoQLHVPn54vICXRpliKJEmhIaLdTfEzmOlZrFoemMsR6rVW8u/ucNMh3d+jkTaaapIMtFUcaRTtA8BjRkkhLNZ4ZgIpm5FZExlphoE1bVhOCuvrxOuo2626w3H69rrbsyjgqcwwVcgQs30IIHaEMHCEzhGV7hzcqtF+vd+li2bljlzBn8gfX5A0k8k3I=</latexit>

 ̄211

<latexit sha1_base64="wint0JckgZ0LTGbmOU6wfaLcrTk=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xkUcCGzI7NDBhdnadmSUhG77DiweN8erHePNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXju7nfmqDSPJKPZhqjH9Kh5APOqLGS351QFY94L5WVyqxXLLlldwGyTryMlCBDvVf86vYjloQoDRNU647nxsZPqTKcCZwVuonGmLIxHWLHUklD1H66OHpGLqzSJ4NI2ZKGLNTfEykNtZ6Gge0MqRnpVW8u/ud1EjO48VMu48SgZMtFg0QQE5F5AqTPFTIjppZQpri9lbARVZQZm1PBhuCtvrxOmpWyVy1XH65KtdssjjycwTlcggfXUIN7qEMDGDzBM7zCmzNxXpx352PZmnOymVP4A+fzB7oFkhY=</latexit>'n22

<latexit sha1_base64="MENzQoVNsVp/nRClHRAJ0U6N0kA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkmR6rHoxWMF+wFNCJvtpl262YTdTaGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3M/93pRKxRLxpGcp9WM8EixiBGsjBbbthVjmXqpYEeQN1y0Cu+bUnQXQOnFLUoMS7cD+8oYJyWIqNOFYqYHrpNrPsdSMcFpUvUzRFJMJHtGBoQLHVPn54vICXRpliKJEmhIaLdTfEzmOlZrFoemMsR6rVW8u/ucNMh3d+jkTaaapIMtFUcaRTtA8BjRkkhLNZ4ZgIpm5FZExlphoE1bVhOCuvrxOuo2626w3H69rrbsyjgqcwwVcgQs30IIHaEMHCEzhGV7hzcqtF+vd+li2bljlzBn8gfX5A0k8k3I=</latexit>

 ̄211

<latexit sha1_base64="MENzQoVNsVp/nRClHRAJ0U6N0kA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkmR6rHoxWMF+wFNCJvtpl262YTdTaGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3M/93pRKxRLxpGcp9WM8EixiBGsjBbbthVjmXqpYEeQN1y0Cu+bUnQXQOnFLUoMS7cD+8oYJyWIqNOFYqYHrpNrPsdSMcFpUvUzRFJMJHtGBoQLHVPn54vICXRpliKJEmhIaLdTfEzmOlZrFoemMsR6rVW8u/ucNMh3d+jkTaaapIMtFUcaRTtA8BjRkkhLNZ4ZgIpm5FZExlphoE1bVhOCuvrxOuo2626w3H69rrbsyjgqcwwVcgQs30IIHaEMHCEzhGV7hzcqtF+vd+li2bljlzBn8gfX5A0k8k3I=</latexit>

 ̄211

<latexit sha1_base64="ysKOLtuWYb7ajaazW+aSh/U4pFs="></latexit>
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<latexit sha1_base64="UZAnD2s8yxOzkLQQkZgF/7cxFpk="></latexit>
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<latexit sha1_base64="DEW/m7fjqufQ3OlxYcqM4cHUqEE=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiQi1WXRhW6ECvYBTSiT6aQdOjOJ8yiUUPBX3LhQxK3f4c6/cdpmoa0HLhzOuZd774lSRpX2vG9naXlldW29sFHc3Nre2XX39hsqMRKTOk5YIlsRUoRRQeqaakZaqSSIR4w0o8H1xG8OiVQ0EQ96lJKQo56gMcVIW6njHgaIpX0EA/Jo6BDewDsYcNNxS17ZmwIuEj8nJZCj1nG/gm6CDSdCY4aUavteqsMMSU0xI+NiYBRJER6gHmlbKhAnKsym54/hiVW6ME6kLaHhVP09kSGu1IhHtpMj3Vfz3kT8z2sbHV+GGRWp0UTg2aLYMKgTOMkCdqkkWLORJQhLam+FuI8kwtomVrQh+PMvL5LGWdmvlCv356XqVR5HARyBY3AKfHABquAW1EAdYJCBZ/AK3pwn58V5dz5mrUtOPnMA/sD5/AHP05TC</latexit>

↵ ⌘ GMµ

<latexit sha1_base64="nQDOEezcWD/63se2VdzNJ0P7zD8=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKe6KRC9C0IvHCOaB2SXMTmaTIbOz6zyEsOQvvHhQxKt/482/cZLsQaMFDUVVN91dYcqZ0q775RSWlldW14rrpY3Nre2d8u5eSyVGEtokCU9kJ8SKciZoUzPNaSeVFMchp+1wdD31249UKpaIOz1OaRDjgWARI1hb6f7h0hcGnfix6ZUrbtWdAf0lXk4qkKPRK3/6/YSYmApNOFaq67mpDjIsNSOcTkq+UTTFZIQHtGupwDFVQTa7eIKOrNJHUSJtCY1m6s+JDMdKjePQdsZYD9WiNxX/87pGRxdBxkRqNBVkvigyHOkETd9HfSYp0XxsCSaS2VsRGWKJibYhlWwI3uLLf0nrtOrVqrXbs0r9Ko+jCAdwCMfgwTnU4QYa0AQCAp7gBV4d5Tw7b877vLXg5DP78AvOxzfU7ZBj</latexit> q
=

⌫
/µ

SR with Two Interacting Fields



• 3    radiation
<latexit sha1_base64="JzeGqJpo/nc4vOTsUGEfP6CmayI=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLg8TwYbXm1b0F8F/iF6QGBVrD6udgFNNUMmWpIMb0fS+xQUa05VSweWWQGpYQOiVj1ndUEclMkC1uneMzp4xwFGtXyuKF+nMiI9KYmQxdpyR2Yla9XPzP66c2ug4yrpLUMkWXi6JUYBvj/HE84ppRK2aOEKq5uxXTCdGEWhdPxYXgr778l3Qu6n6j3ri/rDVvijjKcAKncA4+XEET7qAFbaAwgSd4gVck0TN6Q+/L1hIqZo7hF9DHNyfRjlU=</latexit>
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<latexit sha1_base64="MENzQoVNsVp/nRClHRAJ0U6N0kA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkmR6rHoxWMF+wFNCJvtpl262YTdTaGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3M/93pRKxRLxpGcp9WM8EixiBGsjBbbthVjmXqpYEeQN1y0Cu+bUnQXQOnFLUoMS7cD+8oYJyWIqNOFYqYHrpNrPsdSMcFpUvUzRFJMJHtGBoQLHVPn54vICXRpliKJEmhIaLdTfEzmOlZrFoemMsR6rVW8u/ucNMh3d+jkTaaapIMtFUcaRTtA8BjRkkhLNZ4ZgIpm5FZExlphoE1bVhOCuvrxOuo2626w3H69rrbsyjgqcwwVcgQs30IIHaEMHCEzhGV7hzcqtF+vd+li2bljlzBn8gfX5A0k8k3I=</latexit>

 ̄211

<latexit sha1_base64="MENzQoVNsVp/nRClHRAJ0U6N0kA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkmR6rHoxWMF+wFNCJvtpl262YTdTaGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3M/93pRKxRLxpGcp9WM8EixiBGsjBbbthVjmXqpYEeQN1y0Cu+bUnQXQOnFLUoMS7cD+8oYJyWIqNOFYqYHrpNrPsdSMcFpUvUzRFJMJHtGBoQLHVPn54vICXRpliKJEmhIaLdTfEzmOlZrFoemMsR6rVW8u/ucNMh3d+jkTaaapIMtFUcaRTtA8BjRkkhLNZ4ZgIpm5FZExlphoE1bVhOCuvrxOuo2626w3H69rrbsyjgqcwwVcgQs30IIHaEMHCEzhGV7hzcqtF+vd+li2bljlzBn8gfX5A0k8k3I=</latexit>

 ̄211

<latexit sha1_base64="wint0JckgZ0LTGbmOU6wfaLcrTk=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xkUcCGzI7NDBhdnadmSUhG77DiweN8erHePNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXju7nfmqDSPJKPZhqjH9Kh5APOqLGS351QFY94L5WVyqxXLLlldwGyTryMlCBDvVf86vYjloQoDRNU647nxsZPqTKcCZwVuonGmLIxHWLHUklD1H66OHpGLqzSJ4NI2ZKGLNTfEykNtZ6Gge0MqRnpVW8u/ud1EjO48VMu48SgZMtFg0QQE5F5AqTPFTIjppZQpri9lbARVZQZm1PBhuCtvrxOmpWyVy1XH65KtdssjjycwTlcggfXUIN7qEMDGDzBM7zCmzNxXpx352PZmnOymVP4A+fzB7oFkhY=</latexit>'n22

<latexit sha1_base64="MENzQoVNsVp/nRClHRAJ0U6N0kA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkmR6rHoxWMF+wFNCJvtpl262YTdTaGE/BMvHhTx6j/x5r9x2+agrQ8GHu/NMDMvTDlT2nG+rY3Nre2d3cpedf/g8OjYPjntqiSThHZIwhPZD7GinAna0Uxz2k8lxXHIaS+c3M/93pRKxRLxpGcp9WM8EixiBGsjBbbthVjmXqpYEeQN1y0Cu+bUnQXQOnFLUoMS7cD+8oYJyWIqNOFYqYHrpNrPsdSMcFpUvUzRFJMJHtGBoQLHVPn54vICXRpliKJEmhIaLdTfEzmOlZrFoemMsR6rVW8u/ucNMh3d+jkTaaapIMtFUcaRTtA8BjRkkhLNZ4ZgIpm5FZExlphoE1bVhOCuvrxOuo2626w3H69rrbsyjgqcwwVcgQs30IIHaEMHCEzhGV7hzcqtF+vd+li2bljlzBn8gfX5A0k8k3I=</latexit>

 ̄211

<latexit sha1_base64="130mVe+9gGVrBIxxfDjAb9Ya2G8=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHbFoEeiF4+YyCPChswODUyYnd3MzJqQDX/hxYPGePVvvPk3DrAHBSvppFLVne6uIBZcG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEMWywSESqHVCNgktsGG4EtmOFNAwEtoLx7cxvPaHSPJIPZhKjH9Kh5APOqLHSYzfWvJeOK5Vpr1hyy+4cZJV4GSlBhnqv+NXtRywJURomqNYdz42Nn1JlOBM4LXQTjTFlYzrEjqWShqj9dH7xlJxZpU8GkbIlDZmrvydSGmo9CQPbGVIz0sveTPzP6yRmcO2nXMaJQckWiwaJICYis/dJnytkRkwsoUxxeythI6ooMzakgg3BW355lTQvyl61XL2/LNVusjjycAKncA4eXEEN7qAODWAg4Rle4c3Rzovz7nwsWnNONnMMf+B8/gBZ2JC5</latexit>

 k33<latexit sha1_base64="JsD0hsc2Wbxg3Hka8PG3c8dDHMk="></latexit>
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<latexit sha1_base64="DEW/m7fjqufQ3OlxYcqM4cHUqEE=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiQi1WXRhW6ECvYBTSiT6aQdOjOJ8yiUUPBX3LhQxK3f4c6/cdpmoa0HLhzOuZd774lSRpX2vG9naXlldW29sFHc3Nre2XX39hsqMRKTOk5YIlsRUoRRQeqaakZaqSSIR4w0o8H1xG8OiVQ0EQ96lJKQo56gMcVIW6njHgaIpX0EA/Jo6BDewDsYcNNxS17ZmwIuEj8nJZCj1nG/gm6CDSdCY4aUavteqsMMSU0xI+NiYBRJER6gHmlbKhAnKsym54/hiVW6ME6kLaHhVP09kSGu1IhHtpMj3Vfz3kT8z2sbHV+GGRWp0UTg2aLYMKgTOMkCdqkkWLORJQhLam+FuI8kwtomVrQh+PMvL5LGWdmvlCv356XqVR5HARyBY3AKfHABquAW1EAdYJCBZ/AK3pwn58V5dz5mrUtOPnMA/sD5/AHP05TC</latexit>

↵ ⌘ GMµ

<latexit sha1_base64="nQDOEezcWD/63se2VdzNJ0P7zD8=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKe6KRC9C0IvHCOaB2SXMTmaTIbOz6zyEsOQvvHhQxKt/482/cZLsQaMFDUVVN91dYcqZ0q775RSWlldW14rrpY3Nre2d8u5eSyVGEtokCU9kJ8SKciZoUzPNaSeVFMchp+1wdD31249UKpaIOz1OaRDjgWARI1hb6f7h0hcGnfix6ZUrbtWdAf0lXk4qkKPRK3/6/YSYmApNOFaq67mpDjIsNSOcTkq+UTTFZIQHtGupwDFVQTa7eIKOrNJHUSJtCY1m6s+JDMdKjePQdsZYD9WiNxX/87pGRxdBxkRqNBVkvigyHOkETd9HfSYp0XxsCSaS2VsRGWKJibYhlWwI3uLLf0nrtOrVqrXbs0r9Ko+jCAdwCMfgwTnU4QYa0AQCAp7gBV4d5Tw7b877vLXg5DP78AvOxzfU7ZBj</latexit> q
=

⌫
/µ

SR with Two Interacting Fields



Superradiance evolution

0.0 0.1 0.2 0.3 0.4
0

1

2

3

4

5

α

q

A

B

C

Perturbation Break Down

λ

=102.5λ


=103λ


=103.5

λ

=102.5λ


=103
λ

=103.5

λ

=102

λ

=102.5

λ

=103

λ

=103.5• 3    radiation

<latexit sha1_base64="JzeGqJpo/nc4vOTsUGEfP6CmayI=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLg8TwYbXm1b0F8F/iF6QGBVrD6udgFNNUMmWpIMb0fS+xQUa05VSweWWQGpYQOiVj1ndUEclMkC1uneMzp4xwFGtXyuKF+nMiI9KYmQxdpyR2Yla9XPzP66c2ug4yrpLUMkWXi6JUYBvj/HE84ppRK2aOEKq5uxXTCdGEWhdPxYXgr778l3Qu6n6j3ri/rDVvijjKcAKncA4+XEET7qAFbaAwgSd4gVck0TN6Q+/L1hIqZo7hF9DHNyfRjlU=</latexit>

 

• exited states

• bound states

<latexit sha1_base64="Mat9HD7+Hic4ZL+ANMqmSLNCs4k="></latexit>
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<latexit sha1_base64="stcP/FNwr++ckUKJnyn/Q+LoqOU="></latexit>
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<latexit sha1_base64="ZC9fd0CycDoWrwPZ7jk6jGq0aCE="></latexit>
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<latexit sha1_base64="wU9N8iAZUxUZhrRaMUhOas7zCJM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq0H6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4Axu+M8A==</latexit>a

<latexit sha1_base64="5ye2AE4IvGqT+XUttky+bYjtj8k=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4xkUcCK5kdGpgwO7vOzGrIhv/w4kFjvPov3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoeuo3H1FpHsk7M47RD+lA8j5n1FjpvoOx5iKS3RQfJqRbLLlldwayTLyMlCBDrVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46u3pCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9FMu48SgZPNF/UQQE5FpBKTHFTIjxpZQpri9lbAhVZQZG1TBhuAtvrxMGmdlr1Ku3J6XqldZHHk4gmM4BQ8uoAo3UIM6MFDwDK/w5jw5L8678zFvzTnZzCH8gfP5A8V2krQ=</latexit>✏eq
<latexit sha1_base64="6uyIMM1ZLqwmC5mWLR5NRFiRTIA=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAIrkpSpLoRim5cVrAPaEOYTCft0MkkzEyEEoobf8WNC0Xc+hXu/BunbRbaeuDC4Zx7Z+49QcKZ0o7zbRVWVtfWN4qbpa3tnd09e/+gpeJUEtokMY9lJ8CKciZoUzPNaSeRFEcBp+1gdDP12w9UKhaLez1OqBfhgWAhI1gbybePUK8f66xHE8V4LCZ+VnXdCbpCjm+XnYozA1ombk7KkKPh21/mKZJGVGjCsVJd10m0l2GpGeF0UuqliiaYjPCAdg0VOKLKy2YnTNCpUfoojKUpodFM/T2R4UipcRSYzgjroVr0puJ/XjfV4aWXMZGkmgoy/yhMOdIxmuaB+kxSovnYEEwkM7siMsQSE21SK5kQ3MWTl0mrWnFrldrdebl+ncdRhGM4gTNw4QLqcAsNaAKBR3iGV3iznqwX6936mLcWrHzmEP7A+vwBtzOWWQ==</latexit>

✏̇211 = 0

SR with Two Interacting Fields



Superradiance evolution

• Interaction with exited states
<latexit sha1_base64="klQcXs5+5U95WjHLDWJ510BO4aY=">AAACLnicbVDLSgMxFM3UV62vUZdugkWsC8tMkeqyKILLCvYBbSmZ9LYNTWamSUYoQ7/Ijb+iC0FF3PoZpu2AtnogcHLOuST3eCFnSjvOq5VaWl5ZXUuvZzY2t7Z37N29qgoiSaFCAx7IukcUcOZDRTPNoR5KIMLjUPMGVxO/dg9SscC/06MQWoL0fNZllGgjte3rJoSKcUPjguuOj3FTMQFDnPvRYTjGp3g+dzJ/bdtZJ+9Mgf8SNyFZlKDctp+bnYBGAnxNOVGq4TqhbsVEakY5jDPNSEFI6ID0oGGoTwSoVjxdd4yPjNLB3UCa42s8VX9PxEQoNRKeSQqi+2rRm4j/eY1Idy9aMfPDSINPZw91I451gCfd4Q6TQDUfGUKoZOavmPaJJFSbhjOmBHdx5b+kWsi7xXzx9ixbukzqSKMDdIhyyEXnqIRuUBlVEEUP6Am9oXfr0XqxPqzPWTRlJTP7aA7W1zeiwKhO</latexit>

✏0211 ' (✏eq � ✏211)✏211
<latexit sha1_base64="woqqoZNs4LvySXyycBLFUfw1Rfk=">AAACEXicbVC7TgJBFJ3FF+Jr1dJmIjHSSHaJQUuijSUm8kjYDZkd7sKE2QczsyZkwy/Y+Cs2Fhpja2fn3zjAFgie5CZnzrk3c+/xYs6ksqwfI7e2vrG5ld8u7Ozu7R+Yh0dNGSWCQoNGPBJtj0jgLISGYopDOxZAAo9DyxveTv3WIwjJovBBjWNwA9IPmc8oUVrqmiVyjh3JAhjhC+xALBnXcgqjycKrYtuTrlm0ytYMeJXYGSmiDPWu+e30IpoEECrKiZQd24qVmxKhGOUwKTiJhJjQIelDR9OQBCDddHbRBJ9ppYf9SOgKFZ6pixMpCaQcB57uDIgayGVvKv7ndRLlX7spC+NEQUjnH/kJxyrC03hwjwmgio81IVQwvSumAyIIVTrEgg7BXj55lTQrZbtart5fFms3WRx5dIJOUQnZ6ArV0B2qowai6Am9oDf0bjwbr8aH8TlvzRnZzDH6A+PrF04onLo=</latexit>

a0 ' �✏eq✏211

<latexit sha1_base64="wRPunZ75RHBbeFjg1095kxFfl68=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHdWGaKVDdC0Y3LCvYB7Vgy6Z02NJMZk4xQhvorblwo4tYPceffmLaz0NYDF07OuZfce/yYM6Ud59taWl5ZXVvPbeQ3t7Z3du29/YaKEkmhTiMeyZZPFHAmoK6Z5tCKJZDQ59D0h9cTv/kIUrFI3OlRDF5I+oIFjBJtpK5dIMeXpx2IFePmmcLD+L7ctYtOyZkCLxI3I0WUoda1vzq9iCYhCE05UartOrH2UiI1oxzG+U6iICZ0SPrQNlSQEJSXTpcf4yOj9HAQSVNC46n6eyIloVKj0DedIdEDNe9NxP+8dqKDCy9lIk40CDr7KEg41hGeJIF7TALVfGQIoZKZXTEdEEmoNnnlTQju/MmLpFEuuZVS5fasWL3K4sihA3SITpCLzlEV3aAaqiOKRugZvaI368l6sd6tj1nrkpXNFNAfWJ8/JTKUeQ==</latexit>

a0 = �✏2eq

<latexit sha1_base64="HoJYcLvJvmWdzv5H816kEAN/oDI="></latexit>

⌧sr = µ
ln ✏eq � ln ✏i

�211

<latexit sha1_base64="8i2EFgnGWwbcbXD+u3qScoivauI="></latexit>

a� acrit '
576�2

E

↵16

✓
4↵2 � 1

4↵2 + 1

◆2
1

µt
<latexit sha1_base64="4kYHGoNm/vF1J13l2zt67rD6HCc="></latexit>

✏211 ' 24�E
↵8

1� 4↵2

1 + 4↵2

1

µt

<latexit sha1_base64="Mat9HD7+Hic4ZL+ANMqmSLNCs4k="></latexit>

✏̇211 = �211✏211 � (�B + �E) ✏
2
211 � �R✏

3
211

<latexit sha1_base64="Ujz68+N0xYnwHnLu6NoAwR36YZ8=">AAACFHicbZDLSgMxFIYz9VbrbdSlm2ARBKHOFKkuiyK4rGAv0Cklk562ocnMNMkUytCHcOOruHGhiFsX7nwb03YW2vpD4Mt/ziE5vx9xprTjfFuZldW19Y3sZm5re2d3z94/qKkwlhSqNOShbPhEAWcBVDXTHBqRBCJ8DnV/cDOt10cgFQuDBz2OoCVIL2BdRok2Vts+8yBSjBtMYDjBHgxjNsLY6xEhSDspuu7kPL3ctu28U3BmwsvgppBHqSpt+8vrhDQWEGjKiVJN14l0KyFSM8phkvNiBRGhA9KDpsGACFCtZLbUBJ8Yp4O7oTQn0Hjm/p5IiFBqLHzTKYjuq8Xa1Pyv1ox196qVsCCKNQR0/lA35liHeJoQ7jAJVPOxAUIlM3/FtE8kodrkmDMhuIsrL0OtWHBLhdL9Rb58ncaRRUfoGJ0iF12iMrpDFVRFFD2iZ/SK3qwn68V6tz7mrRkrnTlEf2R9/gA2t55J</latexit>

✏eq ⌘ �211/�E

α=0.4, q=0.1
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<latexit sha1_base64="t3WXQMCPl2ljWP8VvLV16ZtIU7Q=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIzHxRHaJQY9ELx4xkUcCK5kdGpgwO7OZmdWQDf/hxYPGePVfvPk3DrAHBSvppFLVne6uMOZMG8/7dnJr6xubW/ntws7u3v5B8fCoqWWiKDao5FK1Q6KRM4ENwwzHdqyQRCHHVji+mfmtR1SaSXFvJjEGERkKNmCUGCs9dDHWjEvRSyu+P+0VS17Zm8NdJX5GSpCh3it+dfuSJhEKQznRuuN7sQlSogyjHKeFbqIxJnRMhtixVJAIdZDOr566Z1bpuwOpbAnjztXfEymJtJ5Eoe2MiBnpZW8m/ud1EjO4ClIm4sSgoItFg4S7RrqzCNw+U0gNn1hCqGL2VpeOiCLU2KAKNgR/+eVV0qyU/Wq5endRql1nceThBE7hHHy4hBrcQh0aQEHBM7zCm/PkvDjvzseiNedkM8fwB87nDy+JklI=</latexit>✏211

<latexit sha1_base64="wU9N8iAZUxUZhrRaMUhOas7zCJM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq0H6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4Axu+M8A==</latexit>a

<latexit sha1_base64="ZC9fd0CycDoWrwPZ7jk6jGq0aCE="></latexit>

ȧ = ��211✏211 + �B✏
2
211 Single field

Exponential growth

Quasi-equilibrium 

Power-law decay

SR with Two Interacting Fields
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Superradiance evolution

<latexit sha1_base64="klQcXs5+5U95WjHLDWJ510BO4aY=">AAACLnicbVDLSgMxFM3UV62vUZdugkWsC8tMkeqyKILLCvYBbSmZ9LYNTWamSUYoQ7/Ijb+iC0FF3PoZpu2AtnogcHLOuST3eCFnSjvOq5VaWl5ZXUuvZzY2t7Z37N29qgoiSaFCAx7IukcUcOZDRTPNoR5KIMLjUPMGVxO/dg9SscC/06MQWoL0fNZllGgjte3rJoSKcUPjguuOj3FTMQFDnPvRYTjGp3g+dzJ/bdtZJ+9Mgf8SNyFZlKDctp+bnYBGAnxNOVGq4TqhbsVEakY5jDPNSEFI6ID0oGGoTwSoVjxdd4yPjNLB3UCa42s8VX9PxEQoNRKeSQqi+2rRm4j/eY1Idy9aMfPDSINPZw91I451gCfd4Q6TQDUfGUKoZOavmPaJJFSbhjOmBHdx5b+kWsi7xXzx9ixbukzqSKMDdIhyyEXnqIRuUBlVEEUP6Am9oXfr0XqxPqzPWTRlJTP7aA7W1zeiwKhO</latexit>

✏0211 ' (✏eq � ✏211)✏211

<latexit sha1_base64="Mat9HD7+Hic4ZL+ANMqmSLNCs4k="></latexit>

✏̇211 = �211✏211 � (�B + �E) ✏
2
211 � �R✏

3
211

<latexit sha1_base64="t3WXQMCPl2ljWP8VvLV16ZtIU7Q=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIzHxRHaJQY9ELx4xkUcCK5kdGpgwO7OZmdWQDf/hxYPGePVfvPk3DrAHBSvppFLVne6uMOZMG8/7dnJr6xubW/ntws7u3v5B8fCoqWWiKDao5FK1Q6KRM4ENwwzHdqyQRCHHVji+mfmtR1SaSXFvJjEGERkKNmCUGCs9dDHWjEvRSyu+P+0VS17Zm8NdJX5GSpCh3it+dfuSJhEKQznRuuN7sQlSogyjHKeFbqIxJnRMhtixVJAIdZDOr566Z1bpuwOpbAnjztXfEymJtJ5Eoe2MiBnpZW8m/ud1EjO4ClIm4sSgoItFg4S7RrqzCNw+U0gNn1hCqGL2VpeOiCLU2KAKNgR/+eVV0qyU/Wq5endRql1nceThBE7hHHy4hBrcQh0aQEHBM7zCm/PkvDjvzseiNedkM8fwB87nDy+JklI=</latexit>✏211

<latexit sha1_base64="wU9N8iAZUxUZhrRaMUhOas7zCJM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq0H6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4Axu+M8A==</latexit>a

• Interaction with bound states
<latexit sha1_base64="7HUdr4ePEIG9ce5+ngsiQw8iq2o=">AAACDnicbZDLSgMxFIYzXmu9jbp0EywFV3WmSHUjlLpxWcFeoDOUTHrahiYzY5IRytAncOOruHGhiFvX7nwb03YW2vpD4Mt/ziE5fxBzprTjfFsrq2vrG5u5rfz2zu7evn1w2FRRIik0aMQj2Q6IAs5CaGimObRjCUQEHFrB6Hpabz2AVCwK7/Q4Bl+QQcj6jBJtrK5d9CBWjBtM4X6Cr7A3IEKQblp23clZdql17YJTcmbCy+BmUECZ6l37y+tFNBEQasqJUh3XibWfEqkZ5TDJe4mCmNARGUDHYEgEKD+drTPBReP0cD+S5oQaz9zfEykRSo1FYDoF0UO1WJua/9U6ie5f+ikL40RDSOcP9ROOdYSn2eAek0A1HxsgVDLzV0yHRBKqTYJ5E4K7uPIyNMslt1Kq3J4XqrUsjhw6RifoFLnoAlXRDaqjBqLoET2jV/RmPVkv1rv1MW9dsbKZI/RH1ucPS3iboQ==</latexit>

✏eq = �211/�B
<latexit sha1_base64="YrD8yVy73MPS/zO1Ie3llLyB8dk=">AAACI3icbVDLTgIxFO3gC/E16tJNIzHiAjJDDBpXRDcuMZFHwhDSKRdo6DxoOyZkwr+48VfcuNAQNy78FwtMooAnaXLuOffm9h435Ewqy/oyUmvrG5tb6e3Mzu7e/oF5eFSTQSQoVGnAA9FwiQTOfKgqpjg0QgHEcznU3cHd1K8/gZAs8B/VKISWR3o+6zJKlJba5g05x45kHgxxHuccCCXjWo9hOM7/VkXbHl/gxRq3zaxVsGbAq8ROSBYlqLTNidMJaOSBrygnUjZtK1StmAjFKIdxxokkhIQOSA+amvrEA9mKZzeO8ZlWOrgbCP18hWfq34mYeFKOPFd3ekT15bI3Ff/zmpHqXrdi5oeRAp/OF3UjjlWAp4HhDhNAFR9pQqhg+q+Y9okgVOlYMzoEe/nkVVIrFuxSofRwmS3fJnGk0Qk6RTlkoytURveogqqIomf0it7Rh/FivBkT43PemjKSmWO0AOP7BwWvo00=</latexit>

a0 ' �(✏eq � ✏211)✏211

<latexit sha1_base64="ZC9fd0CycDoWrwPZ7jk6jGq0aCE="></latexit>

ȧ = ��211✏211 + �B✏
2
211 Single field

<latexit sha1_base64="Z0YshfaUKW66Wn1z6yhbUA/qRhw=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA9hV2R6DHoxWME84BkCbOT2WTIPNaZWSEs+QwvHhTx6td482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1kkdfIa6hgn6iPxeqexX/BnQMglyUoYc9V7pq9tXJBVUWsKxMZ3AT2yYYW0Z4XRS7KaGJpiM8IB2HJVYUBNms5Mn6NQpfRQr7UpaNFN/T2RYGDMWkesU2A7NojcV//M6qY2vw4zJJLVUkvmiOOXIKjT9H/WZpsTysSOYaOZuRWSINSbWpVR0IQSLLy+T5kUlqFaq95fl2k0eRwGO4QTOIYArqMEd1KEBBBQ8wyu8edZ78d69j3nripfPHMEfeJ8/8SSQZg==</latexit>

a0 ' 0

Exponential growth

Quasi-equilibrium 

Power-law decay

<latexit sha1_base64="HoJYcLvJvmWdzv5H816kEAN/oDI="></latexit>

⌧sr = µ
ln ✏eq � ln ✏i

�211

<latexit sha1_base64="OuycK45tHxVNbmtMZXGcykxnMjE=">AAAB73icbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjFfkAbymS7aZfubuLuRiihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqQhsk5rFqh6gpZ5I2DDOcthNFUYSctsLRzdRvPVGlWSwfzDihgcCBZBEjaKzU7g5QCOzd90plr+LN4C4TPydlyFHvlb66/ZikgkpDOGrd8b3EBBkqwwink2I31TRBMsIB7VgqUVAdZLN7J+6pVfpuFCtb0rgz9fdEhkLrsQhtp0Az1IveVPzP66QmugoyJpPUUEnmi6KUuyZ2p8+7faYoMXxsCRLF7K0uGaJCYmxERRuCv/jyMmmeV/xqpXp3Ua5d53EU4BhO4Ax8uIQa3EIdGkCAwzO8wpvz6Lw4787HvHXFyWeO4A+czx/ly4/l</latexit>�R dominates

SR with Two Interacting Fields
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Superradiance evolution

<latexit sha1_base64="woqqoZNs4LvySXyycBLFUfw1Rfk=">AAACEXicbVC7TgJBFJ3FF+Jr1dJmIjHSSHaJQUuijSUm8kjYDZkd7sKE2QczsyZkwy/Y+Cs2Fhpja2fn3zjAFgie5CZnzrk3c+/xYs6ksqwfI7e2vrG5ld8u7Ozu7R+Yh0dNGSWCQoNGPBJtj0jgLISGYopDOxZAAo9DyxveTv3WIwjJovBBjWNwA9IPmc8oUVrqmiVyjh3JAhjhC+xALBnXcgqjycKrYtuTrlm0ytYMeJXYGSmiDPWu+e30IpoEECrKiZQd24qVmxKhGOUwKTiJhJjQIelDR9OQBCDddHbRBJ9ppYf9SOgKFZ6pixMpCaQcB57uDIgayGVvKv7ndRLlX7spC+NEQUjnH/kJxyrC03hwjwmgio81IVQwvSumAyIIVTrEgg7BXj55lTQrZbtart5fFms3WRx5dIJOUQnZ6ArV0B2qowai6Am9oDf0bjwbr8aH8TlvzRnZzDH6A+PrF04onLo=</latexit>

a0 ' �✏eq✏211

<latexit sha1_base64="Mat9HD7+Hic4ZL+ANMqmSLNCs4k="></latexit>

✏̇211 = �211✏211 � (�B + �E) ✏
2
211 � �R✏

3
211

<latexit sha1_base64="t3WXQMCPl2ljWP8VvLV16ZtIU7Q=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIzHxRHaJQY9ELx4xkUcCK5kdGpgwO7OZmdWQDf/hxYPGePVfvPk3DrAHBSvppFLVne6uMOZMG8/7dnJr6xubW/ntws7u3v5B8fCoqWWiKDao5FK1Q6KRM4ENwwzHdqyQRCHHVji+mfmtR1SaSXFvJjEGERkKNmCUGCs9dDHWjEvRSyu+P+0VS17Zm8NdJX5GSpCh3it+dfuSJhEKQznRuuN7sQlSogyjHKeFbqIxJnRMhtixVJAIdZDOr566Z1bpuwOpbAnjztXfEymJtJ5Eoe2MiBnpZW8m/ud1EjO4ClIm4sSgoItFg4S7RrqzCNw+U0gNn1hCqGL2VpeOiCLU2KAKNgR/+eVV0qyU/Wq5endRql1nceThBE7hHHy4hBrcQh0aQEHBM7zCm/PkvDjvzseiNedkM8fwB87nDy+JklI=</latexit>✏211

<latexit sha1_base64="wU9N8iAZUxUZhrRaMUhOas7zCJM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq0H6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4Axu+M8A==</latexit>a
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Exponential growth

Quasi-equilibrium 

Power-law decay
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SR with Two Interacting Fields



• Implications on black hole spin

SR with Two Interacting Fields
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Summary
Black hole superradiance provides a promising way of probing ultralight 
bosons. 
Black hole spin measurement, continuous gravitational wave searches, 
and gravitational waves from black hole binaries already imposed 
preliminary constraints on ultralight bosons.

With a two-field toy model, we show that interactions generally suppress 
superradiant growth. 

Existing observational constraints should be revisited when ultralight 
bosons couple to other fields.



Summary
Black hole superradiance provides a promising way of probing ultralight 
bosons. 
Black hole spin measurement, continuous gravitational wave searches, 
and gravitational waves from black hole binaries already imposed 
preliminary constraints on ultralight bosons.

With a two-field toy model, we show that interactions generally suppress 
superradiant growth. 

Thank you!

Existing observational constraints should be revisited when ultralight 
bosons couple to other fields.


